Use of environmental sensors and sensor networks to develop water and salinity budgets for seasonal wetland real-time water quality management 
Introduction
Real-time water quality management (RTWQM) is a strategy for meeting downstream water quality objectives by improving coordination of upstream contaminant loading from nonpoint sources with dilution flows by making use of river assimilative capacity. Assimilative capacity for a contaminant such as salinity is defined as the maximum loading of that contaminant that can be accommodated by the river without exceeding water quality objectives, typically defined at a downstream compliance monitoring location. In the case of the San Joaquin Basin of California reservoir releases from tributaries on the East-Side of the River Basin (mostly snow-melt from the granitic Sierra Nevada mountains and return flows from east-side irrigation districts) provide dilution to west-side San Joaquin Basin drainage flows, derived mostly from irrigated agricultural crop land and seasonally managed wetlands.
The west-side soils derive from eroded sediments from an uplifted marine and are high in naturally occurring salts. Water supplies for irrigation of west-side agriculture and for the seasonally managed wetlands (Figure 1 ) derive from the Sacramento-San Joaquin River Delta and contain salt -most often in the range of 300 -600 ppm TDS. West-side agricultural return flows are at their highest during the summer irrigation season. Seasonal wetland salt loads are highest during the months of March and April when the majority of the seasonal 3 wetland ponds are drawn down to promote establishment of moist soil plants and other native grasses that provide a protein source to overwintering waterfowl. Salt export from agricultural, wetland and municipalities is regulated as part of a comprehensive TMDL for the San Joaquin River Basin (EPA, 2002; Quinn and Karkoski, 1998) . Total Maximum Daily Loads (TMDL's) limit agricultural and wetland discharges of salt loads to the SJR. During dry and critically dry years the salt TMDL is especially restrictive curtailing salt load from irrigated agricultural land during the summer months when drainage return flows are typically highest. Under these hydrologic conditions dilution flows from the Sierran tributaries to the San Joaquin River (SJR) diminish and River assimilative capacity is likewise reduced resulting in greater frequency of violation of the State water quality objective for salinity.
Real-time salinity management (RTSM) has been advocated as a means of improving compliance with SJR salinity objectives by improving the coordination of west-side agricultural and wetland dischargers of salt with reservoir releases flows made along east-side tributaries Quinn et al., 2005) . RTSM is a concept that relies upon access to real-time flow and electrical conductivity data from networks of sensors located along the SJR and its major tributaries (Quinn and Karkoski, 1998) . Watershed flow and water quality monitoring, modeling, salt assimilative capacity forecasting, information dissemination and sharing as part of an Environmental Decision Support System (EDSS).
RTSM provides timely decision support to agricultural water districts and seasonal wetland managers -allowing them to improve the coordination of salt load export with the available assimilative capacity of the San Joaquin River . Although salinity management has been practiced within west-side San Joaquin River Basin agricultural water districts for more than 100 years and salinity management has only become a concern to 4 seasonally managed wetlands since the announcement of the salt TMDL -progress towards RTWQM is more advanced in the wetland areas. This is largely because of the more serious long-term consequences of restricted salt export in the seasonally managed wetlands.
Wetland salinity management
Seasonally managed wetlands in the western San Joaquin Basin of California's Central Valley provide overwintering habitat for migratory waterfowl and hunting opportunities during the annual duck hunting season. Wetland water supply is supplied from the Sacramento -San Joaquin River Delta and contains inorganic salts which evapoconcentrate in the man-made, seasonally managed ponds, before being drained (between late March and early May) into channels that discharge into the San Joaquin River. This seasonal wetland drainage, produced within a 60,000 hectare wetland Grasslands Ecological Area (GEA) of the San Joaquin Basin (Figure 1 ) must be eliminated to preserve salt balance and sustain habitat conditions that make these wetlands the most important migratory bird resource in the western United States. Unfortunately the wetland drainage (drawdown) schedule coincides, with the germination period of salt sensitive agricultural crops, irrigated with water pumped from the River approximately 100 km downstream in the South Delta. Assimilative capacity, expressed in tonnes (tons) of salt, is the difference between the product of the current flow and numerical water quality objective and the current salt load measured at the compliance monitoring station. A negative River assimilative capacity (Figure 2 ) occurs any time the numeric water quality objective is exceeded.
Real-time salinity management (RTSM) applied to seasonal wetlands in the San Joaquin Basin requires alteration to the traditional wetland drawdown schedule. This drawdown schedule is typically established to promote the establishment of moist soil plant habitat that 5 provides the optimal food resource for overwintering waterfowl. Changes to this traditional schedule come at a potential cost to the sustainability of the moist soil plant habitat resource (Frederickson and Taylor, 1982, Quinn et al. 2005) . However there are few definitive studies upon which to base salinity management strategies
Wetland flow and salinity balances
Fundamental to every simulation model of flow and water quality is the concept of water and salt balance. This is a technique of conceptualizing wetland hydrology and salinity as the sum of independent processes or fluxes which can be summed together to estimate a rate of change in wetland water storage or salt content (Figure 3 ). Implementation of wetland RTSM will require the continuous updating of these water and salinity balances using sensors to continuously measure each component water and salt flux. Hence sensors are needed to measure water and salt fluxes into and out of each pond; the seepage flux and salt content of this flux out of the pond into the groundwater, the gain in pond water storage due to precipitation and the loss to pond water storage due to the combined fluxes from the pond to the atmosphere as a result of direct pond evaporation and moist soil plant evapotranspiration.
Sensors chosen to take these measurements should have the following capabilities : The environmental systems described in this paper fall into three categories :
1. Sensors that are part of a environmental sensor network that contains master (access) nodes that directly communicate with the data storage service center and slave (data) nodes that report to the master nodes. The YSI EcoNet system is an example of this environmental sensor system. 2. Sensors that are not part of a telemetered sensor network that are interrogated at irregular intervals and data is accessed manually. The Bowen weather station and the groundwater water table sensors are described as examples of this type of system. 3. Sensors that are typically deployed only once at a single location as part of a system characterization procedure or experiment.
Soil salinity mapping using an electromagnetic (EM-38) sensor is described as an example of this category of remote sensing.
In the seasonal wetland application described a suite of environmental sensor systems were needed to fully characterize the ponds being monitored in order to develop accurate water and salinity balances. With over 300 wetland ponds ranging in size from a few hectares to several hundred hectares the cost of monitoring of the entire 60,000 hectare Grasslands Ecological Area basin at this level of detail would have been excessive and the scale of the data management task immense. Hence the monitoring program designed in a manner to 7 provide system characterization at both the individual wetland pond scale and the wetland basin scale -with sufficient range of individual wetland pond types characterized to allow all ponds to be associated with at least one pond type. Individual wetland ponds were first characterized using the fluid electrical conductivity method, and continuously monitored during the season with a combination of water table well sensors and inlet and outlet flow and salinity sensors. A single Bowen weather station served the entire 60,000 hectare basin.
Wetland basin scale monitoring was accomplished by monitoring flow and salinity in major wetland supply and drainage canals that allowed the entire basin to be subdivided into subareas that were flooded up together (source water quality was the same) and subareas that drained through a common drainage outlet. In the Grasslands Ecological Area (GEA) it was fortunate that the footprint of these flooded area sub-basins and the drainage sub-basins were mostly identical. Basin scale monitoring of major irrigation inlets and drainage outlets also provides a means of checking the lumped hydrology of the individual wetland ponds within each sub-basin.
Inflow, outflow and water quality sensor networks
In our managed seasonal wetlands application web delivery of the inflow, outflow and water • two double-sided total hemispherical radiometers
• two vertically-separated air exchangers (automatic exchange mechanism) with temperature and humidity probes
• three soil heat flux measurement disk, soil moisture plate, and soil temperature probes
• an anemometer This helps to ensure that flux measurements represent the underlying surface and that the measured boundary layer is not contaminated by fluxes from a distant surface (Drexler et al 2004) . Numerous variables influence the rate of evapotranspiration from a given surface, including solar energy, humidity, soil moisture, extent of open water, albedo, vegetation density, species composition, growth stage, heat advection, wind speed, and salinity.
Data from the weather station is recorded at 15 minute intervals and downloaded daily. The daily mean values of wetland evapotranspiration are used in the wetland water balance.
11
During wetland annual flood-up and drawdown pond surface area varies over time as the pond is being flooded or drawn down. Hence the evapotranspiration rates should be applied to the current pond surface area in order to measure the daily volume of evapotranspiration loss from each wetland pond. Detailed pond bathymetric surveys were made using an ATVmounted differential GPS instrument and relationships developed using ESRI's Arc-GIS (3-D analyst-http://www.esri.com ) to develop functional relationships between pond stage and pond surface area. Slices of a three dimensional volume rendering of each pond were made at 1/10 th foot (0.03 m) increments and the surface area and cumulative volume were recorded at each depth increment. Polynomial curves were fitted to the data to allow pond surface area to be calculated from the continuous stage data recorded at each pond outlet. Pond elevations were referenced to the deepest point in the pond which was typically the bottom of each culvert at the outlet weir box for each pond. As each wetland pond is drawn downevapotranspiration losses are the sum of direct water evaporation, evapotranspiration from emergent moist soil plants and grasses (such as cattail and skirpus) above the water surface (these losses can be less than or greater than potential evapotranspiration), direct soil evaporation and evapotranspiration from germinating grasses (such as swamp timothy and watergrass) that provide increasing soil cover as they spread and mature. Daily mean values of evapotranspiration losses are utilized in the water and salinity balance model.
Groundwater water table sensors
Monitoring of the depth to the water Figure 6 ). Although technology exists to telemeter the pressure and temperature data that are produced by each sensor -the fact that groundwater levels change slowly and incrementally over time -made it more cost effective to make periodic downloads of the data during each field site visit. RTSM, which is concerned with wetland drawdown and drainage volumes, is not impacted by changes in water table -however these data are critical for estimates of annual water and salt balances.
Mapping of wetland soil salinity using electromagnetic sensors
Remote sensing of wetland soil salinity content is being used as an indirect check on wetland salt balance -and to assess the distribution of salts within each wetland pond. Ponds managed for swamp timothy production (the most productive of the moist soil plants used to 13 provide waterfowl habitat) are typically drawn-down in mid-March -a schedule that appears to favour swamp timothy dominance. Real-time water quality management would likely require the wetlands to be drained later, in mid-April, since San Joaquin River assimilative capacity is higher during this period when major releases are made from east-side reservoirs to aid fish migration. The impacts of a delayed drainage hydrology on the ecological health and productivity of these wetlands as a food source for migratory waterfowl are not clear although experience suggests a shift from swamp timothy dominance to water grass is the most likely long-term outcome. The warmer temperatures in April result in increased pond evaporation which produce higher concentrations of salts in those ponds still inundated.
Higher concentrations of salt in the water column will affect soil salinity as saline water infiltrates or diffuses into the wetland soil.
An electromagnetic sensing instrument (EM-38 Geonics Ltd. -http://www.geonics.com ) was used to estimate bulk soil salinity in the wetland ponds ( Figure 7) . The EM-38 instrument utilizes dual coil electromagnetic induction to obtain a signal response which is a function of both bulk soil salinity and soil moisture content. When water content is controlled -the instrument can be used to map near-surface soil salinity. The EM-38 can be used in two different orientations; vertically or horizontally. been widely used to assess soil salinity in agricultural areas (Corwin and Lesch 2003 , 2005a , and 2005b , Isla et al. 2003 , Lesch and Corwin 2003 , Lesch et al 2005 , Cassel 2007 ) though its use in wetland soil applications has not been reported. Factors to be considered in wetland soil salinity remote sensing include variations in soil texture and taxonomy, soil moisture, topography, vegetation and litter cover which all affect electromagnetic response (Hanson and Kaita 1997 , Suddeth et al. 2005 , Brevic et al. 2006 ).
The instrumentation used in the field survey and its deployment is shown in Figure 7 . The right-hand panel in Figure 7 shows the individual survey points along each transect for two adjacent wetland ponds. Readings were taken every 2 seconds and the transects were spaced approximately 5 meters apart. The results of the survey of the Ducky Strike Duck Club south pond (one of twenty four ponds surveyed) is shown in Figure 8 . The data shown is the raw sensor data from the EM-38 instrument prior to filtering based on the regression model between laboratory saturated extract soil salinity and field EM readings at the control sites within each pond. Figure 8 also shows the frequency distribution of salinity measurements over the wetland area and the control measurements made at selected sample sites to represent the full range of salinity measurements.
Data collected over a period of 3 years for ponds subjected to late wetland drawdown has shown a statistically significant increase in soil salinity due to the practice of delayed wetland drawdown in those ponds subjected to the highest influent salinity concentration. Water delivery to ponds in the Southern Division of Grassland Water District are typically higher in 15 EC than those northern Division owing to the fact that the Northern Division receives water supply closer to the pumping source than the Southern Division. Evapoconcentration of salts leads to higher soil concentrations in those areas where influent salinity is highest. This also suggests that adoption of RTSM should consider rotating a particular wetland back to a more traditional hydrology in instances where influent salinity is elevated.
Data quality control and assurance of continuous data
A common weakness of many environmental decision support projects that rely on the telemetry of continuously monitored data is data quality assurance. Data quality assurance is easier to provide for discrete or periodic monitoring where adequate time exists between sample collection events to analyze data and make corrections to the instrument software, in the case of sensor drift, or replace a sensor in the case of irreversible sensor failure. Data quality assurance protocols established for discrete environmental sampling are well established and data quality control plans are integral components of most environmental monitoring projects. However with continuously recorded and reported data -the logistics of monitoring site visitation, data management, processing and error correction become more onerous. Until recently few software tools existed to facilitate and guide these tasks -even the idea of migrating preliminary environmental data to another internet-accessible location after data quality assurance had been performed has not been routinely practiced. Inaccurate or absurd data posted to a project website can cause irreparable harm to a project and can quickly lead to a loss of confidence in the stakeholder community. In our wetland salinity management project cumulative flow calculations which were performed by our acoustic Doppler instrument were accurate when downloaded from the data collection platform but 16 were 100 times too high when transmitted using the SDI-12 protocol to an external datalogger. This turned out to be a programming error in the firmware -a decimal point was omitted in the program and re-inserted during output processing. This error was caught by one of our project cooperators, who had become a routine user of project real-time data. Our close working relationship prompted early feedback from this cooperator and relatively quick recognition and resolution of the problem. This is not typical -problems such as these often fester within the stakeholder community before coming to light -by which time enthusiasm for the project and trust between project proponents and the stakeholder community has been eroded.
Software tools for continuous data quality assurance
The Trimming. The Signal Joining object is used to append multiple time series data files during each data download so that a complete data record can be compiled within a local database.
Storing the data in a local database after performing data quality assurance allows the certified data to be uploaded routinely to the NIVIS Data Center, which previously provided 17 access to uncensored real-time data. The Signal Trimming object is used to trim outliers and periods of incomplete data records from the data record before being stored in the database.
At the beginning of the project technical problems such as bad circuit boards and poorly sealed acoustic Doppler sensors produced periods of incomplete or suspect records which had to be removed from the data record.
The Data Correction object is used to apply manual adjustments to time series datasets.
Autonomous collection of data results in anomalies such as biases, drifts, outliers, and nonphysical data. Hence, the Data Correction object is used to apply corrections for sensor drift The NIVIS Data Center did not permit client access to the data except as served through the NIVIS EcoNet website -rather the Data Center provided a means of discriminating between public and private (password protected) access to the website. This had the unfortunate consequence of restricting public access to current data only, given our cooperators reluctance to share potentially flawed data with the general public, as discussed at the beginning of this paper. Only project personnel and cooperators were provided with private user access allowing these clients to download the time series data record. In late 2009 a solution was negotiated between YSI Inc. and the NIVIS Data Center that provided a data export wizard and the ability to add a second data column paired with each of the webreported sensor outputs. The schema for the protocol appears in Figure 10 . Under this protocol public access clients can view all historic data once they have been migrated into the second column after having undergone data quality assurance procedures.
Private access clients are able to view both columns of data on the project website and have full access to the time series data for all monitoring sites. Automation of the data filtering and web posting process will speed-up stakeholder access time to information needed to make RTWQM decisions. These actions will help develop the assurances needed for stakeholders to fully implement RTWQM within the San Joaquin River Basin. seasonal wetlands -relies on a suite of sensor technologies the data from which are used to develop water and salt mass balances. The concept of mass balance is fundamental to all flow and water quality simulation models. Models can also be used to extrapolate the results of system monitoring since it is impossible to collect data for every point and non-point source of a pollutant in the Basin. This paper has described the use of several state-of-the-art sensor technologies that are being combined with more traditional sensor techniques to support RTSM. The paper also discussed the problems associated with continuous data quality assurance and described a new software product which streamlines the process of data error correction and dissemination that will be necessary to build stakeholder assurances key for successful implementation of the RTSM in the GEA. Data processing whiteboard within the Aquatic Informatics Aquarius software.
Continuous environmental monitoring data is merged with weekly quality assurance data collected at each monitoring station to allow continuous error checking and data corrections to take place. RTSM requires continuous data processing to allow daily salinity assimilative capacity forecasts to be made.
39 Figure 10 . Protocol for replacing preliminary data on the NIVIS public website with data after quality assurance filtering has been completed.
